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SUMMARY 

An experimental and a n a l y t i c a l  i n v e s t i g a t i o n  c u r r e n t l y  i n  

progress, on t h e  creep o f  metals i n  t h e  primary, low s t r a i n  reg ion 

a f t e r  an incremental change i n  s t ress  occurs, i s  described. 

Metals being s tud ied are  commercially pure aluminum sheet and 

AU-4GI aluminum-alloy sheet. D e t a i l s  of t h e  experimental set-up and 

procedures are  presented, as we l l  as methods used i n  data reduct ion.  

Pre l im inary  r e s u l t s  o f  creep t e s t s  conducted on commercially pure 

aluminum a t  2OO0C (392OF) ind ica te  agreement w i t h  a l i n e a r  

v i s c o e l a s t i c  ana lys i s  proposed i n  t h e  l i t e r a t u r e .  The d i r e c t i o n  

o f  f u t u r e  work i n  t h e  research program i s  ind icated.  
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I NTRODUCT I ON 

S t r u c t u r a l  components o f  veh ic les  which are  sub jec t  t o  aerodynamic 

heat ing for s u f f i c i e n t  t ime may undergo s i g n i f  i c a n t  creep deformation, 

recent  years considerable research has been c a r r i e d  o u t  i n  t h e  f i e l d  of 

creep on problems invo lv ing  vary ing load and temperature cond i t i ons  (Refs. 

1-12), s ince  s t r u c t u r a l  components are general l y  subjected t o  unsteady loads 

and temperatures dur ing  serv ice.  

been of semi-empirical nature, because r e l a t i v e l y  la rge  v a r i a t i o n s  i n  creep 

cond i t i ons  fundamentally d i s t u r b  t h e  i n t e r n a l  e q u i l i b r i u m  of t h e  ma te r ia l s  

considered, and render more bas ic  analyses unfeas ib le .  

i n v e s t i g a t i o n s  have been concerned w i th  la rge  values o f  s t r a i n  t h a t  a re  

genera l l y  beyond t h e  range of usual i n t e r e s t  for  a i r c r a f t  s t ruc tu res .  

I n  

The approach used i n  such research has usual l Y  

Also many such 

I n  Refs. 13 and 14 r e s u l t s  were repor ted of  s tud ies  i n  which m a t e r i a l s  

i n  t e n s i l e  creep i n  t h e  low range of  s t r a i n  a t  constant  temperature under- 

went incremental changes i n  s t ress .  The small changes i n  s t r e s s  d i d  n o t  

I i b r ium of t h e  mater ia l  appreciably, and a degree of 1 i n e a r i t y  

behavior  was observed. A more fundamental creep law could 

ned for  t h e  e f f e c t  of t h e  s t r e s s  increment on creep behavior. 

d i s t u r b  t h e  equ 

of t h e  ma te r ia l  

t h u s  be ascer ta  

I n  t h e  present  i n v e s t i g a t i o n  the  work i n  Ref. 14 i s  being extended by 

f u r t h e r  deve lopment o f  t h e  method of ana I ys  i s suggested the re  and app I 1 c a t  

t o  da ta  obta ined from engineer ing mater ia ls .  A study i s  being conducted o 

pr imary stage t e n s i l e  creep of  comercial 

a t  cons tan t  e leva ted  temperature. Mater 

cremetal change i n  app l ied  load a re  used 

on 

y pure aluminum and an aluminum a l l o y  

a l  creep data obta ined a f t e r  an in -  

i n  o r d e r  t o  determine t h e  values of 
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constants appearing i n  t h e  l i n e a r  v i s c o e l a s t i c  t ype  of r e l a t i o n  developed 

r a n a l y t i c a l l y  i n  Ref. 14, and 

behavior i s  t hus  datermined. 

modulus are  being made and a 

of t h e  ma 

t o  determ 

r e l a t e  t h  

Th is  

t h e  degree of l i n e a r i t y  of t h e  ma te r ia l  

During creep t e s t s  measurements of s t a t i c  

so of the dynamic modulus and i n t e r n a l  damp ng 

e r i a l  (Ref. 15 and 161, by use o f  v i b r a t i o n  techniques, i n  osd r 

ne t h e  v a r i a t i o n  of mater ia l  p r o p e r t i e s  dur ing  t h e  t e s t s  and t o  

s v a r i a t i o n  t o  t h e  shape of t h e  creep curve. 

r e p o r t  summarizes t h e  progress made on t h e  program dur ing t h e  f i r s t  

n ine  months of work under NASA Research Grant NGR - 52 - 012 - 002. 

t h i s  pe r iod  was devoted t o  development of experimental equipment and technique, 

and prepara t ion  o f  procedures for ana lys is  of  data. D e t a i l s  a re  presented here- 

in, as we l l  as a d iscuss ion of  some e a r l y  r e s u l t s  obta ined from creep t e s t s  of 

comerc ia l l y  pure aluminum specimens. 

Most of 
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TEST SPECIVENS 

Test specimens were machined from a sheet 

aluminum of 4mm (0.158 in . )  nomfnal th ickness.  

t e s t s  performed on a sample o f  t h e  sheet show 

i n  t h e  fo l l ow ing  t a b l e :  

o f  commercially pure 

Resul ts  of  chemical 

t s  composit ion t o  be as 

I t 
CHEMICAL COMPOSITION OF COMMERCIALLY PURE ALUMINUM 

SHEET MATERIAL 

I Fe S i  cu Mn Zn lE I ernent 
Percent by 
Weight 

0.40 0. I 4  c 0.1 < 0.05 < 0.1 1 rema i nde 

Dimensions of t h e  t e s t  specimens are shown i n  F igure  I .  The reduced 

sec t ion  was machined t o  a nominal width of 12.5mm.(0.493 in . ) ,  due care 

being taken t o  preserve symmetry and p a r a l l e l i s m  o f  t h e  machined edges w i t h  

respect  t o  t h e  cen te r - l i ne  of  t h e  specimen. 

reduced sec t ion  was 245 mm. (9.65 in . ) .  The sheet faces o f  t h e  specimens 

were n o t  machined. F I v s  were provided i n  t h e  wide end-sections o f  t h e  

specimens f o r  clamping t o  heavy tens ion g r i p s .  

t h e  e n t i r e  reduced sec t ion  ac ts  as a clarnped-clamped beam when l a t e r a l  f o rce  

i s  app l i ed  t o  t h e  beam. (See Ref. 16).  

The nominal length o f  t h e  

With t h i s  t ype  of  t e s t  specimen 

A f t e r  being machined t h e  specimens were exposed t o  a temperature of  

59OoC( I IOO°F) for  approximately two hours, and were then a t  lowed t o  cool i n  

t h e  anneal ing furnace. Th is  heat t reatment  r e s u l t e d  i n  f u l l y  annealled t e s t  



- 4 -  

specimens. 

o f  t h e  reduced sec t ion  of  each specimen were c a r e f u l l y  measured and a 

s e l e c t i o n  was made according t o  t h e  cond i t i on  of  t h e  faces of t h e  specimens. 

Specimens whose faces were p a r t i c u l a r l y  f r e e  of any scratches were reserved 

f o r  t e s t s  i n  which dynamic measurements were t o  be included. 

When anneal l i n g  of t h e  specimens was complete t h e  dimensions 

TEST EQ1J I PMENT AND I NSTRUMENTAT I ON 

The t e s t  equipment used i n  t h e  program cons is t s  o f  a c reep- tes t ing  

machine and a system fo r  app ly ing  s t a t i c  and dynamic bending loads t o  t h e  

t e s t  specimen. Outputs of t h e  load, s t r a i n  and temperature transducers 

a re  recorded on var ious  autographic recorders. 

a beam-loadinq mechanism. Two p o i n t s  a re  

weight-cage, w i t h  lever-arm r a t i o s  o f  2 0 :  

arm pe rm i t s  more accurate load con t ro l  a t  

a re  used a t  t h e  p i v o t  o f  t h e  beam, and a t  

p rov 

Creep-Test i ng Mach i ne 

The c reep- tes t inq  machine shown i n  F igure 2 was designed t o  apply 

deadweight leads of up t o  2500 kg.(5500 ib .1 i n  tens ion  v i t h  t h e  a i d  of 

ded f o r  attachment of t h e  

and 5 :  ! . The sho r te r  lever -  

smai loads. Hardened knife-edges 

t h e  specimen and weight-cage 

attachment po in ts .  The beam and weight-cage are  balanced by a counterweight. 

The weight-cage r e s t s  on a screw-jack. Load i s  app l i ed  t o  t h e  t e s t  

specimen by g radua l l y  lowering t h e  jack  u n t i l  t h e  weight-cage hangs free. 

The ends o f  t h e  t e s t  specimen are clamped i n  heavy tens ion  g r i p s ,  
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so t h a t  t he  specimen behaves as a clamped-clamped beam when subjected t o  

l a t e r a l  v ib ra t i on .  The s tee l  g r i ps ,  which weight approximately 5.9 kg. 

( I 3  Ib . )  each, as compared t o  approximately 35 gm.(l.25 02.1 f o r  t h e  

specimen, a re  hinged through t h e i r  center  o f  g r a v i t y ,  The a x i s  o f  t h e  

hinge l y i n g  p a r a l l e l  t o  t h e  sheet-faces o f  t h e  specimen. Add i t iona l  

hinged connections are  

g r i p ,  perpendicu lar  t o  he d i r e c t i o n  of t h e  g r i p  hinges, i n  o rder  t o  

permi t  complete freedom o f  movement i n  t h e  ho r i zon ta l  plane. Various 

p a r t s  o f  t h e  loading l inkage were coated w i t h  cadmium o r  aluminum p a i n t  

f o r  p r o t e c t i o n  against  corros ion.  

ocated above the  upper g r i p  and below t h e  lower 

Test Furnace and Contro l  

The t u b u l a r  furnace used i n  t h e  creep- test ing machine (see F igure  2 )  

i s  320 mm.( 0 i n . )  i n  length, w i t h  an i n t e r n a l  diameter o f  75 mm.(3 i n . ) .  

The furnace has a capac i ty  of 1000°C (1832OF). Temperature con t ro l  i s  

achieved by use o f  a v a r i a b l e  b i m e t a l l i c  t ype  o f  servomechanism, which 

i s  inserted threugh t h e  furnace w a l l  a t  t h e  midpoint .  The c o n t r o l l e r  

operates a r e l a y  which regu la tes  t h e  power suppl ied t o  the  t h r e e  heat ing  

elements i n  t h e  furnace. A rheos ta t  c o n t r o l s  t h e  t o t a l  power t o  t h e  

furnace i n  accordance w i t h  t h e  des i red temperature, and power t o  each o f  

t h e  hea t ing  elements can be se t  p ropor t i ona te l y  i n  o rde r  t o  o b t a i n  an 

even temperature d i s t r l b u t i o n  along the  length  of  t h e  furnace. 
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Latera l Loading System 

A device used f o r  apply ing l a t e r a l  (bending) loads t o  t h e  t e s t  specimen 

i s  shown i n  F igure  3. ( The l i n e a r  va r iab le  d i f f e r e n t i a l  t ransformer,  used 

f o r  measuring midpo in t  d e f l e c t i o n  under l a t e r a l  loads, has been removed f o r  

c l a r i t y  i n  t h e  f i g u r e ) .  Th is  apparatus, which f a c i l i t a t e s  determinat ion 

Of s t a t i c  and dynamic moduli and mater ia l  damping c h a r a c t e r i s t i c s  dur ing  

creep tes ts ,  i s  mounted o n , a  stand separate from t h e  c reep- tes t ing  machine 

SO t h a t  v i b r a t i o n s  cannot be induced i n  t h e  specimen through t h e  t e s t i n g  

mach i ne. 

V i  b r a t  

spr ing-c l  i p  

on qf t h e  specimen i s  achieved i n  t h e  fo l  

grasps t h e  edges of t h e  specimen a t  t h e  m 

s ta in less -s tee l  t u b u l a r  rod, which i s  threaded i n t o  a 

owing manner. A brass 

dpoint, and a t h i n  

small nu t  welded t o  

t h e  C l ip ,  leaves t h e  furnace through a h o r i z o n t a l  hole. The c l i p  and rod  

each weigh approximately I gm. A fo rce  of  I kg. (2.2 Ib . )  i s  s u f f i c i e n t  

s assembly f r o m  t h e  t e s t  specimen. The ex te rna l  end of  t h e  

s at tached t o  a v i b r a t o r  o f  I kg. capac i ty  by means of a lea f -  

Is !edged i n  a s l i t  near the ex te rna l  end of  t h e  rod. The 

v i b r a t o r  i s  powered by a variable-frequency o s c i l l a t o r  o f  I O  - 100,000 cps 

capaci ty ,  which operates through a 40-watt power amp1 i f  i e r .  

t o  detach t h  

f o r c i n g  rod  

sp r ing  which 

ma te r ia l  damping t e s  

s p r i n g  from t h e  forc 

t h e  v i b r a t i o n  decay, 

s by a c t i v a t i o n  o f  a so leno id  which 

ng rod, immediately a f t e r  t h e  o s c i l  

i s  t r i gge red .  The t r i g g e r i n g  c i r c u  

The mechanical l i n k  formed between v i b r a t o r  and specimen can be broken for 

d is lodges t h e  l ea f -  

oscope, which measures 

t i s  shown i n  F igure  4 .  
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The loading l i n k  w i t h  which s t a t i c  bending load i s  app l ied  t o  t h e  

specimen i s  e s s e n t i a l l y  s i m i l a r  t o  t h a t  described fo r  v i b r a t o r y  load. A 

length o f  copper w i re  i s  looped around the t e s t  specimen a t  t he  lower 

t h i r d - p o i n t ,  and passes h o r i z o n t a l l y  through a ho le  i n  t h e  furnace wa l l .  

The w i re  i s  attached t o  a f l e x i b l e  cord, which passes over  a p u l l e y  and 

from which small weights a re  hung. The copper w i re  can be detached from 

t h e  specimen wh i l e  damping measurements a re  being made. 

I n  o rde r  t o  achieve t h e  prescr ibed clamped end cond i t i ons  under s t a t  

bending load, t h e  tens ion g r i p s  a re  held r i g i d  by a u x i l i a r y  supports, as 

shown i n  F igure 3.  Latera l  movement of t h e  loading l inkage i n  t h e  d i r e c t  

o f  t h e  bending load i s  prevented by br ing ing  two ho r i zon ta l  supports i n t o  

capac i i y  o f  t he  smallzr load CP 

t e s t  specimen) i s  125 kg. (330 

I250 kg. (3300 I b. 1. The beam- 

gage bridge, which g ives  an ou 

The a m p l i f i e d  ou tpu t  s igna l  i s  

on a dc recorder, and hysteres 

ype load 

p u t  signa 

1 inear  w i  

s i s  negl 

C 

on 

j u x t a p o s i t i o n  w i t h  tens ion  g r i p s  a t  the  hinge l i n e ,  

i s  prevented by i n s e r t i n g  lock ing p i n s  through adjacent l inkage i n t o  t h e  

g r i p s .  

Load Cel I s  

Rota t ion  o f  t h e  g r i p s  

Two t e n s i l e  load c e l l s  (F igure  5 )  were designed and manufactured. The 

! (shown i n  F iqure 2 i n  se r ies  w i t h  the  

b.) and t h a t  o f  t h e  l a rge r  load c e l l  i s  

c e l l s  a re  equipped w i t h  a f o i l  s t r a i n -  

o f  3.8 mv/v i npu t  a t  capaci ty  load. 

h i n  less than 0.5 percent when read 

g i b l e .  With s u i t a b l e  a m p l i f i c a t i o n  
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o f  t h e  ou tpu t  signal, load d i f f e r e n t i a l  o f  0.1 percent o f  capac i ty  load can 

be measured w i t h  ease f o r  both load c e l l s .  Refore c a l i b r a t i o n  both load 

c e l l s  were subjected t o  10,000 cyc les of t e n s i l e  load t o  I10 percent o f  

capac t y  load. 

S t r a i  Measurement 

Both l ong i tud ina l  and bending s t r a i n  measurements a re  obta ined by use 

of  two high-temperature w i re  res is tance strain-gages mounted on opnosi te  

faces and a t  t h e  midpoint  o f  t h e  t e s t  specimen. A p a i r  of s i m i l a r  gages 

i s  mounted on an unloaded s t r i p  o f  aluminum, and placed ins ide  t h e  furnace 

near t h e  t e s t  specimen f o r  temperature compensation of t h e  a c t i v e  arms 

of t h e  straln-gage br idge (see Figure  6 ) .  

S t r a i n  gages used i n  t h e  program are Kyowa type K A - I O - A I  high-temperature 

gaqes. 

When p roper l y  i n s t a l l e d  and s t a b i l i z e d  t h e  gaqes can be used up t o  a temperature 

of 4OO0C (75OoF1 for  dynamic measurements, and up t o  a somewhat lower temperature 

f o r  s t a t i c  and quas i - s ta t i c  t e s t s .  

These gages are  o f  copper-nfckel a l l o y  w i re  and are asbestos-backed. 

Cur ing procedure f o r  t h e  s i l i c o n  cement used f o r  a p p l i c a t i o n  o f  t h e  

s t r a i n  gages i s  as fo l l ows :  
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A f t e r  

n i cke  

Step Tempera t u r e  Duration, h r .  

OF 
I 

OC - 
1 80 I75 I 

2 I20 250 2 

3 I80 355 2 ( f o l l owed  by gradual 
cool ing)  

t h e  prescr ibed cu r ing  cyc le  f o r  the  cemented gage i n s t a l l a t i c m  copper- 

lead w i res  are  spot-welded t o  the  gage leads. 

t was'found t h a t  t h r e e  o r  f o u r  add i t i ona l  heat cyc les  o f  t h e  complete 

gage and w i re  system up t o  t h e  t e s t  temperature a re  

s t a b i l i z e  t h e  s t r a i n  gages. On t h e  f i f t h  heat ing o f  t h e  specimen, and a f t e r  

exposure f o r  approximately one hour, d r i f t  of t h e  s t ra in-gage ou tpu t  ceases. 

C a l i b r a t i o n  o f  t h e  strain-gage ou tpu t  against  an extensometer ( a t  room 

temperature) and a d i a l  gage, measuring o v e r a l l  e longat ion  ( a t  room temperature 

and 200 C) ,  has shown t h a t  t h e  gage f a c t o r  changes less than 2 percent  from room 

temperature t o  200°C ( 3 9 2 O F 1 ,  as claimed by t h e  manufacturer. 

requ i red  i n  o rde r  t o  

0 

S t r a i n s  due t o  e i t h e r  e longat ion  o r  bending o f  t h e  specimen are measured 

by t h e  s i n g l e  strain-gage br idge.  This i s  achieved by revers ing  t h e  p o l a r i t y  

of h a l f  of t h e  bridge, and by t h e  use of  two balancing potentiometers, as 

shown schemat ica l ly  i n  F igure  7 .  ,With t h e  swi tch  i n  p o s i t i o n  A t h e  br idge re-  

ac ts  t o  e longat ion  of t h e  specimen, i n i t i a l  balance being obta ined w i t h  

po ten t iometer  PA. 

a t e s t ,  t h e  swi tch  i s  thrown t o  p o s i t i o n  8, w i t h  t h e  r e s u l t  t h a t  t h e  connections 

of one a c t i v e  gage and one compensating gage a re  interchanged and t h e  center  

I n  o rde r  t o  measure s t r a i n  due t o  bendirig a t  any t ime  dur ing 
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tap  of potent iometer  PB i s  connected t o  t h e  br idge.  

bending c o n f i g u r a t i o n  i s  then balanced by use of potent iometer  PB. 

t h i s  way t h e  zero balance o f  t h e  e longat ion  c o n f i g u r a t i o n  (po ten t ion-  

meter PA) i s  n o t  d is tu rbed and t h e  br idge re tu rns  t o  i t s  o r i g i n a l  

s e t t i n g  when t h e  swi tch  i s  re turned t o  p o s i t i o n  A .  

i s  less than 3 micro inch/ inch o f f s e t .  A c a l i b r a t i o n  res  stance can be 

connected across one o f  t h e  arms o f  t h e  e longa t ion  br idge by throwing t h e  

swi tch  t o  p o s i t i o n  C. 

The br idge i n  t h e  

I n  

The e f e c t  of sw i tch ing  

Recording of S t ress  and S t r a i n  

The ou tpu t  s igna l  of t h e  load c e l l  i s  recorded on a mu l t i channe l  dc 

o s c i l l o g r a p h  equipped w i t h  high- and medium-gain a m p l i f i e r s  ( See F igure  2).  

The o s c i l l o g r a p h  i s  a thermal-pen type and paper t r a v e l  speeds vary from 

0.4 mm (0.016 in.) t o  100 m. (3.93 in . )  p e r  sec. 

c a l i b r a t e d  d i r e c t l y  i n  u n i t s  of  s t ress .  

The load record can be 

The separate systems are  used for  recora ing  s t r a i n ,  depzfiding on t he  

cond i t i ons  of  t h e  t e s t .  

s t r a i n  i s  recorded on t h e  dc osc i  I lograph. The recorder  reaches a s e n s i t i v i t y  

of I O  micro inch/ inch/  sca e - d i v i s i o n  w i th  an accuracy of * 2.5 micro inch/ inch.  

n t h e  m a j o r i t y  of creep t e s t s  t h e  l ong i tud ina l  

The f requent  sw i t ch ing  of  t h e  automatic temperature c o n t r o l  r e l a y  o f  t h e  

furnace (every 5 seconds) causes disturbances on t h e  s t r a i n  record6 Th is  

d i f f i c u l t y  has been circumvented by r a i s i n g  t h e  thermostat  s e t t i n g  and reducing t h e  
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ied  t o  t h e  furnace so t h a t  the t e s t  temperature i s  he ld  constant  

pp i ng t h e  thermostat. Th i s procedure requ i res  g rea te r  a t t e n t  ion 

by t h e  operator, t o  ensure by minor adjustments of t h e  power supplv t h a t  t h e  

des i red  temperature i s  held. Nevertheless t h e  temperature a t  a p o i n t  on t h e  

specimen va r ies  less than f I°C a t  200' C,and t h e  temperature v a r i a t i o n  alonq 

t h e  t e s t  specimen i s  * ZOC, 

The o s c i l l o g r a p h  i s  used for  creep t e s t s  dur ing  which t h e  creep r a t e  i s  

f a i r l y  high, t h e  t e s t  du ra t i on  being IO hours o r  less. For creep t e s t s  con- 

ducted for  per iods  of up t o  one week, a t  lower creep s t ress  and correspondinq- 

l y  lower creep ra te ,  s t r a i n  measurements a re  made on a standard s t r a i n - i n -  

d i ca to r .  Other measurements i nvo l v ing  smal I s t r a i n  readings are a l s o  made 

on t h e  s t r a i n - i n d i c a t o r .  Such measurements inc lude long i tud ina l  s t r a i n  due 

t o  negat ive  increments i n  creep load, and s t r a i n  r e s u l t i n g  from s t a t i c  l a t e r a l  

loading. 

The dynamic s t r a i n  s igna l  due t o  l a t e r a l  v i b r a t i o n  of t h e  t e s t  specimen 

i s  fed  t o  an osc i l l oscope  through a d i f f e r e n t i a l  ampI i f ie r , .and recorded on 

h igh  speed photographic f i l m  (F igure  2 ) .  

i s  unnecessary, s ince  t h e  record obtained i n  t h i s  case i s  used for  measure- 

ments o f  ma te r ia l  damping m l y .  However t h e  s igna l  i s  c a l i b r a t e d  by use Of 

t h e  c a l i b r a t i o n  r e s i s t o r  i n  t h e  s t r a i n  gage c i r c u i t  t o  ensure t h a t  v i b r a t o r y  

s t r a i n s  do n o t  exceed 50 micro inch/ inch peak-to-peak. 

Accurate c a i i b r a i i o n  of the  s igna!  

Temperature Measurement and Record i ng 

Three p a i r s  of 0.25 mm. diameter (30 gage) iron-constantan thermocouple 

w i r e  a r e  spot-welded t o  each specimen. Readings from t h e  thermocouple located 
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near t h e  midpoint  of t h e  specimen are  recorded on a s t r i p - c h a r t  temperature 

recorder w i  t h  a range of up t o  TOOo The remainlng two fhermo- 

couples are  placed approximately 20 mm. (0.8 In . )  from e i t h e r  end of t h e  

reduced sec t i on  of t h e  specimen, as shown n F igure 2. 

thermocouples are  recorded on t h e  dc O S C P B  ograph. 

E 292OF) 

Readings from these 

The thermocouple wl res as we1 P as the  strain-gage lead wi res are 

supported on t h e  aluminum s t r i p  on whlch t h e  compensating gages are  i n s t a l l e d .  

I n  t h i s  way n e g l i g i b l e  mass i s  added t o  the specimen by t h e  weight of  t h e  

wi res.  
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TEST PROCEDURE 

Each creep specimen i s  exposed to  the  t e s t  temperature f o r  one hour p r i o r  

t o  t e s t ,  i n  o rder  t o  s t a b i l i z e  t h e  temperature d i s t r i b u t i o n  i n  t h e  furnace and 

t h e  strain-gage c i r c u i t .  A f t e r  exposure, load i s  app l ied  by lowering t h e  

weight-cage w i t h  t h e  screw-Jack u n t i l  the  cage hangs f ree .  The loading r a t e  

i s  regu la ted  so t h a t  a s t r a i n  r a t e  of approximately .002 in./in./minute i s  

achieved, as recorded on t h e  osc i l lograph.  Simultaneous record ing 

and s t r a i n  permi ts  accurate determlnation o f  t h e  value o f  t h e  s t r a  

i n s t a n t  t h e  specimen i s  f u l l y  loaded, 

One incremental change i n  a x i a l  load I s  app l ied  dur ing  each c 

o f  s t ress  

n a t  t h e  

'eep t e s t  

a t  a predetermined t ime. The load increments never exceed 6 percent o f  t h e  

I n i t i a l  creep load, A p o s i t i v e  increment i s  app l ied  by a l l ow ing  a prescr ibed 

vorume o f  water t o  d ra in  i n t o  a. con ta iner  which has been placed i n  t h e  weight- 

cage be fore  t h e  s t a r t  o f  t h e  t e s t .  The t e s t  continues fo r  one hour a f t e r  t h e  

change i n  ioaa, and i s  +hen tzmlmted.  ?!egatiVe load increment i s  app l ied  

by removal o f  t h e  conta iner ,  which conta ins a p rev ious l y  measured q u a n t i t y  of 

water, f r o m  t h e  weight-cage w i thout  d i s t u r b i n g  t h e  cage. Genera l ly  creep 

s t r a i n  ceases for  some t ime  a f t e r  t h e  removal o f  t h e  conta iner  o f  water. The 

t e s t  i s  al lowed t o  cont inue u n t i l  add i t i ona l  creep has occurred f o r  approximately 

one hour. 

When s t a t i c  bending load i s  appl ied a t  var ious t 

t h e  procedure i s  as fo l l ows :  The strain-gage br idge 

mes dur ing  a creep t e s t ,  

s connected t o  a standard 
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s t ra in - i nd i ca to r ,  switched i n t o  t h e  bending conf igura t ion ,  and balanced. The 

g r i p  locking-pins and ho r i zon ta l  supports a re  brought i n t o  pos i t i on ,  and a 

pre load o f  50 gm. (1.76 02.1 i s  hung from t h e  loading w i re .  Th is  causes a 

s t r a i n  reading o f  less than 3 microinch/inch. The purpose o f  t h e  small pre-  

load i s  t o  ensure good contac t  between the g r i p s  and the  lock ing  p i n s  and 

supports, w i thout  bending t h e  specimen apprec iab ly ,  A bending lQad o f  500 gm. 

( 1 . 1  Ib.) i s  then app l ied  t o  t h e  specimen and t h e  r e s u l t a n t  s t r a i n  and mid- 

p o i n t  d e f l e c t i o n  are  recorded. The bending load i s  immediately removed and 

the  s t r a i n  and d e f l e c t i o n  i nd i ca t i ons  are again recorded. I t  was found t h a t  

t h i s  procedure has no measurable e f f e c t  on subsequent creep s t r a i n  o r  s t r a i n  

ra te .  

For dynamic measurement 

t i o n )  i s  connected t o  t h e  ca 

detached from t h e  specimen. 

resonant frequency as determ 

t h e  strain-gage outptrt  ( i n  the  bending conf igura-  

i b ra ted  osc i l loscope,  and t h e  s t a t  c load w i r e  i s  

The specimen i s  o s c i l l a t e d  l a t e r a l  y a t  t h e  f i r s t  

ned from the ampli tude o f  t h e  s t r a  n s igna l .  Care 

i s  taken t h a t  t h e  v bra to ry  s t r a i n  does n o t  exceed 50 micro inch/ inch peak-to-peak. 

Th is  magnitude o f  v b r a t i o n  has no measurable e f f e c t  on t h e  creep resu l t s .  

resonant frequency s measured w i t h  an accuracy o f  f I cps by use o f  an e l e c t r o n i c  

counter  connected across t h e  te rmina ls  o f  t h e  variable-frequency o s c i l l a t o r ;  

(See F igu re  2.l 

- 
Ihe 

Ma te r ia l  damping measurements a re  made by photographic record ing o f  t h e  

v i  brat ’ ion decay appearing on the  screen of t h e  osc i  I loscope when the  mechanical 

l i n k  between t h e  v i b r a t i o n  and t h e  t e s t  specimen i s  broken. 

o f  t h e  osc i l l oscope  i s  f i r e d  a t  t h e  same t ime, as +he mechanical break i s  made,, as 

described i n  t h e  previous sect ion.  

The t r i g g e r i n g  c i r c u i t  
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LINEAR EQUATION FOR CREEP AFTER INCREMENTAL CHANGE I N  STRESS 

Perhaps one o f  t h e  most i n f l u e n t i a l  f a c t o r s  which determine t h e  outcome 

of  any ana lys is  of creep i s  t h e  choice o f  a s t ress-s t ra in- t ime,  o r  creep, 

equation. I n  t h e  manner o f  Ref. 14 a l i n e a r  opera tor  equation was chosen t o  

describe t h e  e f f e c t  of  an incremental change i n  s t ress  on creep behavior i n  

t h e  form 

P (a)  = Q ( E )  

where P and Q a re  I inear  operators  o f  t h e  form 

n 
r 

n 
r 

respect i ve I y , a.' a '  
= ' P r  - D Q =  q r T  

0 0 

and and E are  t h e  increment o f  s t r e s s  and t h e  corresponding s t r a i n  

respec t i ve l y  (see F ig.  8). I f  d i s  much smal 

t h e  stress-change,and Eq. ( 1 )  i s  assumed t o  ho 

t h e  t ime a t  which t h e  s t r e s s  was changed, then 

e r  than oo 

d o n l y  i n  t h e  neighborhood of  to, 

p, and qr are func t i on fo f  a. and toon ly .  

, t h e  s t r e s s  be fore  

S p e c i f i c a l l y  Eq. ( 1 )  determines t h e  add i t i ona l  creep occur r ing  a f t e r  t h e  

stress-change, r e l a t i v e  t o  t h e  creep which would have occurred i f  t h e  s t r e s s  

had remained a t  t h e  o r i g i n a l  leve l .  Eq. ( I )  i s  q u i t e  general and s o l u t i o n s  

corresponding t o  or approximating many empi r i ca l  creep r e l a t i o n s  can be obta ined 

from it, depending on t h e  number of terms chosen i n  t h e  d i f f e r e n t i a l  equation. 

For  example, i f  n = 2, qo = 0, and i n i t i a l  cond i t i ons  are  as stated, 

may be so lved by opera t iona l  methods (Ref. 17) t o  g i v e  t h e  s t r a i n  r e s u l t i n g  

from t h e  s t r e s s  increment as 

Eq. ( 1 )  
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( 2 )  

as obta ined i n  Ref. 14. Eq.(2) i s  the s imp les t  s o l u t i o n  ob ta inab le  for  t h e  

i n i t i a l  cond i t i ons  considered , since s o l u t i o n s  of Eq. ( 1 )  w i t h  n = 3 or 

= 0 (or both)  conta in  both t r i gonomet r i c  and hyperbo l i c  funct ions,  which 90 

a re  d i f f i c u l t  t o  apply  t o  t h e  normal creep curve. 

I t  w i l l  be noted i n  Eq. (2 )  t h a t  s t r a i n  i s  d i r e c t l y  l i n e a r  w i t h  t h e  

s t ress;  t h a t  is, doubl ing of the  s t ress  w i l l  r e s u l t  i n  doubl ing t h e  s t r a i n .  

Although t h i s  c h a r a c t e r i s t i c  i s  convenient from t h e  mathematical s tandpoint ,  

l i n e a r  behavior o f  t h i s  type  i n  engineer ing m a t e r i a l s  might  be expected t o  be 

t h e  except ion r a t h e r  than t h e  r u l e .  For cases i n  which t h e  l i n e a r  s o l u t i o n  

proves inadequate, agreement between theory  and experiment may be improved 

by s u b s t i t u t i n g  a s u i t a b l e  func t i on  of s t ress ,  f ( a ) ,  for u i n  Eq. ( I ) ,  SO 

t h a t  

FJ f ( a ) ]  = Q i c j  ( 3 )  

I n  t h e  case of  a constant  increvent  o f  stress, f o r  example, t he  func t i on  

f ( a ) i s  independent o f  t ime  w i t h  the  r e s u l t  t h a t  ' t he  Laplace t ranforms of f ( a )  

and i t s  d e r i v a t i v e s  w i t h  respect t o  t ime  con ta in  t h e  func t i on  f ( u )  i n  t h e  

f i r s t  degree e x p l i c i t l y .  Thus f (u) may be fac to red  o u t  o f  t h e  transformed 

t h a t  f ( a )  must 

t y  o f  t h e  creep 

eg u a t  i on 

be subst  

behav io r  

and t h e  s o l u t i o n  Eq. (2) i s  again obtained, excep 

t u t e d  for  a. Th is  procedure in t roduces non I i near 

along t h e  s t r e s s  a x i s  i n t o  t h e  ana lys is .  
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METHODS OF ANALYSIS OF EXPERIMENTAL DATA 

As an i n i t i a l  approach t o  t h e  ana lys is  of experimental creep data, t h e  

ma te r ia l  creep a f t e r  an incremental change i n  s t ress  was assumed t o  be a 

of t h e  

I inear  

determ 

d e t e n  

l i n e a r  func t i on  o f  t h e  s t r e s s  increment. Therefore Eq. (2 )  could be taken as 

t h e  creep r e l a t i o n ,  so t h a t  data reduct ion invo lves determinat ion o f  t h e  values 

constants i n  t h e  equation, fol lowed by i n v e s t i g a t i o n  of t h e  degree of 

t y  observed i n  t h e  experimental resu l t s .  The procedure developed f o r  

n ing  t h e  constants  w i l l  be described i n  t h i s  sect ion.  Methods used for  

e r i s -  

I 

of 

n a t i o n  o f  s t a t i c  and dynamic moduli as we l l  as ma te r ia l  damping charac 

t i c s ,  from data obta ined i n  s t a t i c  and dynamic bending t e s t s  dur ing  creep, w i  

a l s o  be presented. Extens ive use i s  made o f  t he  e l e c t r o n i c  computer f o r  most 

t h e  ca l cu la t i ons .  

Determinat ion o f  Creep Constants 

Values of t h e  creep constants  appearing i n  Eq. ( 2 )  a re  ca l cu la ted  from t h e  

qmount o f  s t r a i n  due t o  t h e  incremental stress-change u 

amount o f  s t r a i n  i s  determined from the t e s t  data as t h e  t o t a l  s t r a i n  minus the  

s t r a i n  a t  t h e  bas ic  s t r e s s  uo, ex rapolated beyond to. 

p o l a t i o n  of  creep data i s  c r i t i c a  when t h e  creep s t r a i n  invo lved i s  on t h e  o rde r  

of 0.5 percent  o r  less, as i n  t h e  present  instance. 

i s  e s p e c i a l l y  important when t h e  change i n  s t r e s s  i s  small, causing a correspondlng- 

l y  small  e f f e c t  on t h e  s t r a i n .  

ob ta ined under uo t o  a s u i t a b l e  empi r i ca l  expression for  purposes o f  ex t rapo la t i on .  

a t  t ime too This  

The method of ex t ra -  

The e x t r a p o l a t i o n  technique 

Therefore It i s  necessary t o  f i t  t h e  creep data 
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Reference t o  t h e  t y p i c a l  creep curve shown t o  logar i thmic  scale i n  

F igure 9 i nd ica tes  t h a t  a s u i t a b l e  empir ica l  r e l a t i o n  descr ib ing  t h e  creep 

s t r a i n  before change of s t ress  i s  of the  form 

( 4 )  E b c r  = a t  

where a and b are  constants. The empi r i ca l  constants a re  determined for  each 

creep t e s t  by t h e  method of l e a s t  squares, I t  i s  of i n t e r e s t  t o  note t h a t  t h e  

average value of  b obtained from 12 creep t e s t s  a t  200°C (392OF) was 0.35, t he  

s c a t h r  bond being f0.046. The value obtained for  b i s  i n  good agreement w i t h  

t h e  c l a s s i c a  value of 1/3 (Ref. 18). Ex t rapo la t i on  of t h e  creep curve i n  

accordance w t h  Eq. ( 4 )  beyond t ime  to permi ts  t h e  determinat ion o f  t h e  a d d i t i o n a l  

s t r a i n  cause 

constants i n  Eq. (2 ) .  

by t h e  s t ress  increment appl ied a t  to, and thence t h e  value of 

constants. However these may be convenient ly  

g raph ica l  d i f f e r e n t i a t i o n .  The procedure, wh 

The form of Eq. ( 2 )  i s  n o t  amenable t o  d i r e c t  machine computation of t h e  

o f  

s as 

fo l  lows: 

Eq. (2 )  may be w r  

E =  k o + k  

P I  

t t e n  i n  t h e  form 

T - k2 exp (-k3T) 

where 

' I  Po92 
k o = - - -  2 

91 91 

computed by use o f  a process 

ch i s  described i n  Ref. 19, 

(5) 
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and 

7 = t - t o  

Di f fe ren t faT ion  of Eq. (5 )  tw ice  w i t h  respect t o  T y i e l d s  t h e  expression 

o r  by s u b s t i t u t i o n  i n  Eq. ( 5 ) :  

ko - k l T )  2 = k3 ( E  - dLs 
2 
dT 

( 7 )  

The constants  ko, k l  and k3 may be ca l cu la ted  from Eq. ( 7 )  by t h e  method 

of l e a s t  squares. 

t h e  values of ko, k l  and k3 i n t o  Eq. (5) and by again app ly ing  t h e  method of 

l e a s t  squares. However, i n  o rde r  t o  so lve for  t h e  constants i n  Eq. (71 ,  

2 d E  

dT 

The remaining constant k2 i s  then determined by s u b s t i t u t i n g  

- -,,.-+ I I I P J ~  52 deteminad aga ins t  T from t h e  experimental data, 

I f  t h e  s t r a i n s  E., corresponding t o  t imes T., are  g iven a t  constant  t ime  
I 1 

i n t e r v a l s ,  t h a t  i s  

- T  = AT i+l i T (8) 

then t h e  second d e r i v a t i v e  of any c i  w i th  respect  t o  t ime  may be obta ined by 

d i f f e r e n t i a t i o n  of  t h e  S t i r l i n g  i n t e r p o l a t i o n  formula (Ref. 19): 



- 20 - 

-6Fzi+I5FI i - 2 0 ~ i )  + e  .. ( 9 )  1 1 -  

2 d e .  - 2 - - 2 F F  I i  - 2 ~ ~ ) -  -(F I 1 2  2i-4FI i+6~i)+ -(F I 
I 

90 31 
dT (AT) 

i n  which t h e  t e n s  F.. a re  def ined as 
J '  

( I O )  
+ 'i+j J I  1 -.j F.. = E.  

For conservat ive func t ions  Eq.(9) converges r a p i d l y  for  a s u i t a b l e  choice of 

AT and the  f i r s t  t h ree  terms o f  t h e  series, as presented here, are general l y  

s u f f i c i e n t  for  purposes of computation. 

t h i r d  term on t h e  r i g h t  i s  no t  def ined a 

po in ts .  Depending on t h e  data being ana 

for  concern, a l though no d i f f  

data i n  t h e  present  i nves t i ga  

i n  t h e  graph ica l  d i f f e r e n t i a t  

from Eq. (5 ) .  

Note, however, t h a t  i n  Eq. (9 )  t h e  

t h e  f i r s t  t h ree  and l a s t  t h ree  data 

yzed t h i s  de f i c ieqcy  could be a cause 

c u l t i e s  have a r i sen  i n  t h e  processing of creep 

ion. Poss ib le  e r r o r s  due t o  loss of  end p o i n t s  

on are corrected when k2 i s  subsequently evaluated 

Determination of Dynamic Modulus During Creep 

The dynamic modulus of a mater ia l  may be determined by measuring t h e  resonant 

frequency of v i b r a t i o n  o f  a beam made of  t h e  ma te r ia l .  

ends and rec tangu lar  cross-section, t he  resonant frequency i s  g iven by t h e  r e l a t i o n  

For a b e m  w i t h  c!mpod 

= 0.288 GE 
a. fn  

where fn i s  t h e  resonant frequency ( i n  cps) f o r  mode n = I, 2 ,  3, ... 
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h i s  t h e  beam th ickness i n  t h e  d i r e c t  

R i s  t h e  beam length 

E i s  t h e  dynamic modulus 

g 

d 

i s  the, acce le ra t i on  o f  g r a v i t y  

on of v i b r a t  on 

w i s  t h e  s p e c i f i c  weight o f  t h e  beam mate r ia l  

and C i s  a constarit dependent on t h e  v i b r a t i o n a l  mQde n and on t h e  

end cond i t i ons  of t h e  beam. For a clamped-clamped beam and n = I, for  

example, C = 3.58; f o r  n = 3, C = 19.2. Thus t h e  dynamic modulus i s  g iven  by 

t h e  equat ion 

During creep a t  elevated-temperature t h e  length and width o f  t h e  beam 

change w i t h  temperature and s t r a i n .  The lenqth  i s  de f ined as 

and t h e  w id th  as 

I n  which 

llo and ho a re  t h e  i n i t i a l  length and width, respec t ive ly ,  a t  

rwm temperature 

a i s  t h e  c o e f f i c i e n t  o f  l i n e a r  expansion 

AT i s  t h e  d i f f e rence  between t h e  t e s t  temperature and room 

temperature 
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s i s  t h e  t o t a l  long i tud ina l  s t r a i n  

and 

lJ i s  Poisson's r a t i o .  

When t h e  change i n  length and width i s  taken i n t o  account, and t e r n s  of 

second and h igher  o rder  a re  neglected, Eq- (12) beCOmes 

I + 2aAT + 4s 0.288 C fn go 2 2  

Ed = (  ho ) f [ I - 2 ~ s  ) ( 1 5 )  

Genera l ly  t h e  Poisson e f f e c t  can a l s o  be neglected. 

Measurement of Ma te r ia l  Damping 

When t h e  resonance peak i s  f a i r l y  sharp, as i s  t h e  case i n  the  work 

p resen t l y  i n  pregress, ma te r ia l  damping i s  measured most conveninent ly  by 

photographing a reCord of t h e  v i b r a t i o n  decay occu r r i ng  a t  resonant 

frequency of t h e  specimen when t h e  d r i v i n g  fo rce  i s  removed. The damping 

c o e f f i c i e n t  6 i s  then g iven as t h e  logar i thmic  decrement by t h e  equation 

- AO 

I n  An 
5 =  (16)  

n 

where A. and An a re  t h e  amp1 i tudes  of v i b r a t i o n  n cyc les  apart,(Ref 20). 

Determinat ion of  S t a t i c  ModuI-ts Durina CreeD 

Evidence e x i s t s  (Ref. 14) i n d i c a t i n g  t h a t  t h e  s t a t i c  modulus of a 

m a t e r i a l  f o r  inc reas ing  s t r e s s  may decrease s i g n i f i c a n t l y  dur ing  creep. I f  

such i s  t h e  case i n  general,  determination of  t h e  v a r i a t i o n  would have an 
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important bearing an t h e  r e s u l t s  o f  creep-buckling theor ies .  The s t a t i c  

modulus can be obtained by momentarily gpp ly ing  a small bending moment 

t o  t h e  creep specimen and measuring the s t r a i n  and d e f l e c t i o n  due t o  

bending. I f  t h e  s t a t i c  modulus does indeed decrease dur ing  creep, d e f o n -  

a t i o n  due t o  t h e  superimposed bending moment w i l l  correspond t o  a combination 

of two ma te r ia l  s t i f f nesses .  The s ide  o f  t h e  specfmer;l which Is subjected t o  

negat ive  bending s t ress  w i l l  unload and deform along t h e  e l a s t i c  modulus 

l i n e .  The s ide  subjected t o  p o s i t i v e  bending s t ress  w i l l  deform i n  accordance 

w i t h  t h e  s t a t i c  modulus a t  t h e  creep s t ress.  

t h a t  p lane sec t ions  remain plane a f t e r  bending, a reduced or e f f e c t i v e  modulus 

With t h e  add i t i ona l  assumption 
I 

ER for  a beam of rec tangu lar  cross-section i s  obta ined i n  the  form 

'lEEc reep E, = 
I \  

(F+ /E)* creep 

(17)  

where E i s  Young's modulus and Ecreep i s  t h e  modulus for  increas ing creep 

s t ress .  Eq. (17)  corresponds t o  t h e  reduced modulus obta ined by von Karman 

f o r  t h e  i n e l a s t i c  beam (Ref. 21) .  The reduced modulus ER i s  r e l a t e d  t o  t h e  

bending moment M by t h e  equation 

4 

M = - ERI/p 

- ER* 
- h ( E t - E )  C 
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I n  Eq. (18) I i s  t h e  moment of i n e r t i a  o f  t h e  specimen cross-section, 

P i s  t he  curvature, and E t  and EC are the  o u t e r - f i b e r  s t r a i n s  

corresponding t o  t h e  t e n s i l e  bending and compressive bending s t resses 

can be obta i ned respec t ive ly .  Thus t h e  modulus dur ing creep, E 

by use of Eqs. (17) and (18b) i n  conjunct ion w i t h  measurements o f  t h e  

instantaneous s t r a i n  ( E t  - EC) 

can be ca I cu I ated. 

creep’ 

induced by the bending moment M, which 

The bending moment app l ied  t o  t h e  t e s t  specimen may be ascer ta ined 

by conventional v i r t u a l  work and sr!Derposition methods (Ref. 22) .  

With reference t o  F igure IO, i f  x, = E/3, t h e  bending moment a t  t h e  

midpoint  of t h e  beam i s  given by t h e  r e l a t i o n  

where W and F are  l a t e r a l  and t e n s i l e  loads respec t ive ly ,  and YX=g/2 

i s  t h e  d e f l e c t i o n  o f  t h e  beam specimen, exper imenta l ly  measured a t  

t h e  midpoint .  
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PRELIMINARY EXPERIMENTAL RESULTS 

I n  t h i s  sec t ion  r e s u l t s  o f  a number o f  e a r l y  creep t e s t s  

conducted i n  t h e  program w i l l  be presented. Since these r e s u l t s  

represent a smal I p a r t  o f  t h e  data being generated i n  the  program, 

t h e  d iscuss ion of t h e  r e s u l t s  w i l l  be minimal and no general 

conclusions should be drawn a t  t h i s  junc ture .  

St ress-Stra in  Behavior 

Typica l  s t ress -s t ra in  curves obtained from commercially pure 

aluminum specimens, i n  t h e  f u l l y  annealled condi t ion,  are shown i n  

F igure I I .  

a t  room temperature and 6,500 Kg/mm2 (9.25 x IO 

Y i e l d  s t r e s s  was found t o  be 2.16 Kg/mm2 (3,060 p s i )  a t  room temperature 

and 1.75 Kg/mrn2 (2,480 p s i )  a t  200°C. 

s t reng th  was 7.45 Kg/mm2 ( 10,600 p s i  1 w i t h  a t o t a l  e longat ion  o f  55 

6 
Values of e l a s t i c  modulus were 7,000 Kg/mm2 ( I O  x I O  p s i )  

6 p s i )  a t  200°C (392OF).  

A t  room temperature t h e  u l t i m a t e  

percent. 

Creep under Basic  Stress 

As mentioned e a r l i e r  t he  creep curve under t h e  bas ic  s t ress,  i.e. 

be fore  change o f  s t ress,  a t  a temperature of 200°C i s  we l l  charac ter ized  

by Eq. ( 4 )  (see F igure  9) .  Values o f  t h e  constant  b were approximate 

0.35, and t h e  va lue of constant  a appeared t o  be an exponent ia l  f unc t  

of t h e  s t ress,  as o f t e n  found i n  the  l i t e r a t u r e  (e.g. Ref. 1 1 ) .  

Y 

on 
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Creep a f t e r  Incremental Change i n  Stress 

Pre l im inary  r e s u l t s  o f  creep data, obta ined from t h e  specimens 

repor ted on i n  t h e  previous paragraph, a f t e r  smasl p o s i t i v e  and 

negat ive changes i n  t e n s i l e  s ress are presented i n  F igures 12 

and 13 respec t ive ly .  Termino ogy used i n  t h e  f i g u r e s  corresponds 

t o  t h a t  o f  F igure 8. Results are p l o t t e d  i n  terms o f  the  creep 

compliance, t h a t  is, ne t  s t r a i n  caused by the  s t ress  increment, 

d i v ided  by t h e  absolute value o f  t h e  s t r e s s  Increment, against  t ime 

a f t e r  t he  change i n  s t ress.  In a!  B t e s t  r e s u l t s  shown i n  Figures 

12 and 13 t h e  t ime a t  which The s t ress  was changed was 5 hours. 

The creep compliances obta ined a f t e r  p o s i t i v e  change i n  s t ress  

(F igure  12) appear t o  f a i l  on a s i n g l e  curve, w i t h i n  t h e  l i m i t s  o f  

experimental sca t te r .  Results Yndicate tha t ,  a t  l eas t  for s t ress  

increments up t o  6 percent  of  tpe  basic s t ress,  t h e  s t r a i n  i s  l i n e a r  

w i t h  s t r e s s  increment f o r  t h i s  materia;,  The dependence o f  t he  

constants  i n  E q .  ( 2 )  on bas 

t e s t  temperature remains i o  

Creep compliances obta 

c stress, t ime o f  s t ress  change and the  

s t ress  

be dafeiii-tY i i ~ d  

ned a f t e r  negat ive  change i n  

(F igure  139 do n o t  appear to subs tan t ia te  Eq. ( 2 )  i n  t h e  

form. The behavior a f t e r  t h e  s t ress  change i s  character  

o f  recovery dur ing  which n e g i i g i b r e  creep occurs. A t  a 

r present 

zed by a pe r iod  

a t e r  t ime, 

dependent on t h e  magnitude o f  the  change I n  s t ress,  the  creep process 

i s  resumed. Resul ts  shown i n  Figure ( ! 3 1  have been r e p l o t t e d  i n  

F igure  ( 1 4 )  w i t h  t h e  omission of the recovery t ime. The curves o f  
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F igure (141 now appear to show l i n e a r  dependence on t h e  s t ress  

decrement, i n  agreement w i t h  Eq. $21, although t h e  experimental 

s c a t t e r  i s  somewhat broader than f o r  p o s i t i v e  s t ress  changes. 

The dependence o f  recovery t ime a f t e r  negat ive  s t ress  change 

on t h e  s t ress  decrement i s  presented i n  F igure 15. Pre l im inary  

r e s u l t s  i nd i ca te  t h a t  a t  constant temperature t h e  recovery t ime va r ies  

inverse ly  w i t h  t h e  bas ic  s t ress  and i s  a logar i thmic  func t i on  of  t h e  

s t ress  decrement, An a n a l y t i c a l  desc r ip t i on  o f  t h e  t o t a l  e f f e c t  o f  

negat ive s t ress  change, i nc lud ing  +he recovery time, i s  p a r t  of f u t u r e  

work i n  the  research program. The ana lys is  i s  based on a model of 

d i s l o c a t i o n  motion i n  t h e  mater ia l ,  as proposed i n  t h e  l i t e r a t u r e  

(Ref. 2 3 ) .  

CONCLUD I NG REMARKS 

Experimental equipment and procedures have been described, and 

methods used i n  ana lys is  o f  t h e  data obta ined have been presented. 

r r e i  i ITl indry creep results nbtzined from commercial l y  pure aluminum 

sheet a* 200°C i n d i c a t e  behavior a f t e r  an incremental s t ress  change i n  

accordance w i t h  a Dinear v i s c o e l a s t i c  t ype  o f  a n a l y s i s c  

- 

Work p resen t l y  i n  progress i s  d i rec ted  towards determinat ion of 

t h e  dependence o f  t h e  constants appearing i n  t h e  a n a l y t i c a l  equations on 

t h e  value of t h e  bas ic  s t ress ,  t h e  t ime o f  s t ress  change and t h e  t e s t  

temperature. 

commerclaliy pure aluminum w i I  be conducted on AU-4GI aluminum-alloy 

sheet mater i  a I . 

A s i m i l a r  inves t  gat ion as t h a t  being c a r r i e d  o u t  w i t h  
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